Abstract The growing consumer demand for healthy snacks has turned the interest of industry and research in the development of new ready-to-eat products, enriched with dietary fibers. Inulin is a soluble fiber with a neutral taste that promotes the good function of the intestine. Rice flour extrudates were produced under various extrusion temperatures, screw speeds, feed moisture concentrations and inulin replacement levels. The objective of this study was to investigate the effect of the material characteristics and the extrusion conditions on the structural and textural properties of the extrudates. Simple mathematical models were used for properties correlation with process conditions and through regression analysis it was revealed that there is a significant effect of extrusion temperature, screw speed, feed moisture content and inulin concentration on the final properties. Both density and maximum stress increased when moisture content and inulin concentration increased, while they decreased when extrusion temperature and screw speed increased. These results were also strengthened by scanning electron microscopy. The highest expansion ratio was presented when decreasing all process conditions apart from screw speed.
Introduction
The current way of life has turned the interest of the consumers on ready-to-eat products, such as snacks. Snacks are also very popular to the children's daily habits. Statistics showed that 91 % of children in Europe have reported snacking at least once per day (Savige et al. 2007 ). Therefore, food industries have increased the development of ready-to-eat products using several processes, in order for the products to be healthy and preferable. Among these processes, extrusion is a high temperatureshort time, low cost, and very efficient technology in food processing, which is characterized by continuous cooking, mixing and forming processing ) and produces direct expanded materials with high quality.
Extrusion process is a very frequently used method for the production of food snacks due to the technological advantages it presents over other traditional food processing techniques. However, some commercial snacks have high glycemic index (Conti-Silva et al. 2012; Foschia et al. 2013 ) and several researches have been performed in order to improve the nutritional characteristics of the extruded products (Liu et al. 2000; Onwulata et al. 2001; Anton et al. 2009; Bisharat et al. 2013) . A current trend focuses on the addition of inulin in food products, which contributes to the improvement of the product, providing also a beneficial effect on humans (Saavedra-Leos et al. 2014) .
Inulin is a well-known prebiotic and belong to a class of dietary fibers, known as fructans. The main use of inulin is as prebiotic food ingredient that in dairy and bakery products, in beverages, in cereals, in ice cream and in confectionary products and generally as a sugar substitute (Meyer et al. 2011; Rößle et al. 2011) . Inulin is encountered in chicory (Cichorium intybus L.), Jerusalem artichoke (Helianthus tuberosus L.), onion, in the root of garlic etc. and it has been proven that it redounds to the absorption of iron, calcium and magnesium in the human body (Meyer et al. 2011) .
Structural properties are proven to be of high importance for consumer acceptability, since they indicate the texture and quality of expanded products and they also affect taste and appearance (Krokida et al. 2001 (Krokida et al. , 2009 ). Low apparent density and consequently high porosity extrudates are desirable as food snacks. Another important parameter is the degree of expansion, which also indicates the degree of cooking. Higher expansion is desirable for increased product acceptability and is also associated with other important properties, such as crispness, water absorption, etc. (Jyothi et al. 2009; Rodriguez-Miranda et al. 2011; Velasco 2011; Bisharat et al. 2013) . On the other hand the textural properties indicate the fragility and the stiffness of the product. Processing conditions, such as temperature, moisture content and screw speed appear an effect on the extrudates' properties as studied elsewhere (Raphaelides et al. 2012 ).
The present study examines the production of rice extrudates enriched with inulin. The main purpose is to produce high nutritional rice-based extruded products, that will be acceptable to public consumers and to study the effect of raw materials characteristics (inulin concentration and moisture) as well as production conditions (extrusion temperature and screw speed) to structural and textural properties. For this reason simple mathematical models have been used to correlate extrusion conditions and materials characteristics with the measured properties. The innovative aspect of the present study is the use of simple mathematical models and the addition of highly nutrient ingredients on the extrudates, such as inulin.
Materials and methods

Sample preparation
For the preparation of the extrudates rice flour (Agrino-EU.Ge., Greece make) and inulin (Cosucra, Belgium make) were used during the experimental study. Feed mixtures were consisted of rice flour, inulin and water in different proportions. Inulin and rice flour were mixed to the desired ratios: 5:95, 10:90, 15:85 inulin/rice flour. Feed moisture was adjusted to desired moisture content by spraying calculated amounts of distilled water and mixing. The samples were packed in polyethylene bags and kept in the refrigerator overnight to equilibrate the moisture. Sample moisture content was determined in an oven at 105°C to constant weight. The moisture content levels were 14, 17 and 20 % w/w. Corrections in moisture were done in cases of deviation from the set values. The samples were brought to room temperature before extrusion cooking.
Extrusion cooking
A co-rotating twin screw extruder (Prism Eurolab, model KX-16HC, Staffordshire, UK) was used. The screw geometry was: length 40 cm, diameter 16 mm, and die diameter 3 mm. The extruder had five temperature control zones. The temperature during extrusion was adjusted by varying the temperature in the barrel, screw and die using electric heaters. The barrel and screw die temperature, as well as the screw speed were displayed on the control panel. Extrudates were produced in three extrusion temperatures (140, 160 and 180°C) and three levels of screw speeds (150, 200 and 250 rpm) . The extrudates were cooled to room temperature and stored in laminated bags until required for analysis.
From the data above it is concluded that the full control of the selected experimental measurements require 243 experiments (1× material×3 material concentrations×3 moisture contents× 3 extrusion temperatures×3 screw speeds×3 repetitions).
Experimental design
A central composite design (CCD) was used to reveal the effect of process conditions and material characteristics on the final properties of extrudates. Feed moisture, inulin concentration, extrusion temperature and screw speed were used as independent variables for the production of extrudates. Process parameters varied over three levels, as shown in Table 1 . The design required 26 independent experiments, as well as a control sample. Extruded products were produced in triplicate.
Structural properties
True density
The samples were ground to powder in order to remove most of the internal pores (Krokida et al. 1998) , and their true volume was estimated using a helium stereopycnometer (Quantachrome multipycnometer MVP-1, Florida, USA), with an accuracy of 0.001 cm 3 . True density was expressed by the equation:
where ρ ts (kg/m 3 ) is the true density, m s (kg) is the mass and V s (m 3 ) is the volume of the solids. 3 repetitions were done to these experiments.
Apparent density
The extrudates were cut in cylinders of specific length (approx. 4 cm) and their apparent volume was obtained by measuring their actual geometric characteristics (diameter, length), using an electronic digital Vernier caliper with an accuracy of 0.001 cm. The apparent volume was determined using the equation:
) is the apparent volume, d (m) is the diameter and h (m) is the length of each extrudate. There have been 7 repetitions for each extrudate-sample. The length and the diameter of a specific extrudate were determined as the average of the 7 repetition samples.
Apparent density was determined as:
where ρ ap (kg/m 3 ) is the apparent density and ms (kg) is the mass of the extrudates.
Porosity
Porosity, ε, was determined using the equation:
Expansion ratio
The expansion ratio, Exp, was estimated by the quotient of the diameter of the extrudates to the diameter of the die (Ahmed 1999) :
where d (m) is the diameter of the extrudates and do (m) is the diameter of the die. Seven replicates were used for the determination of expansion ratio.
Scanning electron microscopy
Scanning Electron Microscopy (SEM) was used for the visualization of exudate's microstructure. Representative samples were cut with a blade at a thickness of 1-2 mm. In order to make the surface reflect the electron beam, the samples were sputtered with gold particles creating a layer with 11 nm thickness, using a SC7620 Mini Sputter Coater (Quorum Technologies, West Sussex, UK). The specimens were then photographed using an electron microscope (Quanta 200 FEI (2004) , OR, USA) operated at 25 kV. The materials were examined at 10-12 mm working distance and spot size equal to 5, using large field detector (LFD).
Textural properties
The compression tests were performed at room temperature (25°C) using a Zwick Universal Testing Machine (Zwick, Model 1120, Ulm, Germany). The samples were compressed between two parallel plates of diameter 10 cm each, at a crosshead speed of 5 mm/min, with a 100 N load cell. Force and deformation were recorded and the resulting stress-strain compression curves were constructed and used for the evaluation of textural parameters. The results are reported as the average of 5 replicate measurements. Maximum stress, σ max (kPa), maximum strain, ε max (mm/ mm), modulus of elasticity E (kPa) and the number of peaks during compression, N, were measured. Modulus of elasticity was calculated from the slope of the linear part of the compression curve as:
Fracture of cellular brittle materials during compression test occurs in several small stages resulting in a jagged force-deformation signature. The jaggedness of the compressive curves was quantified using the number of positive peaks (local maxima) during compression.
Mathematical modeling
The value of each property of extrudate was determined by using the following model (Katsavou et al. 2011) :
where: M i : is the value of each property, M o : the average value of each property, X: the moisture content (%w/w), C: inulin concentration (%), T: extrusion temperature (°C) and R: screw speed (rpm). X o , C o , T o and R o are the corresponding values of the experimental parameters at reference conditions and α X , α C , α T , and α R are the exponents of moisture content, inulin concentration, extrusion temperature and screw speed, respectively. For the estimation of the model parameters regression analysis was performed, using Statistica Software 7.1.
Results and discussion
Mathematical modeling Table 1 summarizes the three levels of the process parameters, as well as the reference conditions used in the model. The reference conditions correspond to the 0 level of parameters. Table 1 also presents the model parameters of the selected power model received after regression analysis, which describe well the experimental data, according to statistical results (R 2 ) and are analyzed in detail below.
Structural properties
True density
True density of extrudates was not significantly affected by process conditions and material characteristics. And since extrudates are characterized by low moisture content, true density was similar to the density of the solids at zero moisture content (Lazou and Krokida 2010) . True density of the inulin extrudates was estimated as 1.417 g/cm 3 . Fig. 3 Extruded products produced under different: A. feed moisture content: a) Χ=14 %, b) Χ=17 % and c) Χ=20 % (const. C=10 %, T=160°C, R=200 rpm). B. inulin concentration: a) C=5 %, b) C= 10 % and c) C=15 % (const. Χ=17 %, T=160°C, R=200 rpm). C. extrusion temperature: a) T=140°C, b) T=160°C και c) T=180°C (const. X = 14, C = 10 %, R = 200 rpm) and D. screw speed: a) R=150 rpm, b) R=200 rpm and c) R=250 rpm (const. X=14, C=10 %, T=160°C)
Apparent density-porosity
The results concerning apparent density and porosity are graphically presented in Fig. 1 . The solid lines represent the calculated values of the model fitting to the experimental data.
Apparent density increased with the increase of moisture content and inulin concentration in the mixture. The increased moisture content of extruded products changes the molecular structure of amylopectin that is contained in the corn starch and reduces the viscosity of the mixture. Moisture also reduces friction between the dough and the screw and affects negatively starch gelatinization. As a result, expansion decreases and apparent density increases (Liu et al. 2000) .
As expected from the literature, the increase of the inulin concentration has led to an increase on the density of the extrudates. When dietary fiber is added to starchy products causes the rupture of cell walls and prevents air bubbles from expanding. This phenomenon leads to an increase in density (Sacchetti et al. 2004; Obatolu et al. 2006; Anton et al. 2009; Pastor-Cavada et al. 2011) .
On the other hand, the increase of extrusion temperature caused the decrease of apparent density. That could be attributed to the decrease of the melt viscosity of the mixture, which leads to bubble growth during extrusion, allowing the dough to expand more rapidly and to create a less dense structure. In addition, the increase of the vapor pressure at higher temperatures leads to increased puffing and consequently lower apparent densities. This observation is in accordance with other bibliographic references (Suvendu 1997; Ding et al. 2005; Lazou and Krokida 2010) .
Moreover, the increase of screw speed caused the decrease of apparent density. This can be attributed to the reduction of the viscosity, the increase of the elasticity of the dough and the gelatinization of starch, that increases the volume of the expanded products and decreases the apparent density (Sacchetti et al. 2004; Hagenimana et al. 2006) . Porosity of extrudates presented the opposite trend than apparent density, as expected from Eq. 4.
Expansion ratio
As shown in Fig. 2 , the selected mathematical model is well fitted to the obtained data, as it was revealed by statistical analysis. Regression analysis also revealed that the expansion ratio of the extrudates decreased with increasing initial moisture content, inulin concentration and extrusion temperature. Expansion ratio follows an increasing trend when the screw speed increases.
The increased feed moisture of the extrudates causes the change of the molecular structure of amylopectin that is contained in the starch of the rice flour. As a result, the viscosity and the expansion ratio decreases and that leads to a more compact-solid structure (Baik et al. 2004) .
Moreover, the increase of inulin concentration caused the decrease of the expansion ratio. A characteristic of fibers is that they can bind water more strongly than starch, inhibiting water loss at the die and reducing its ability for expansion. The lower expansion ratio may also be justified by the fact that fibers can cause rupture of cell walls and prevent air bubbles to expand to the maximum level (Lue and Huff 1991; Anton et al. 2009 ).
The increasing extrusion temperature has led to the decrease of the expansion ratio. Probably that phenomenon is caused by the fragmentation of the starch in high extrusion temperatures (Hagenimana et al. 2006) .
The increase of the expansion ratio was a consequence of the increasing screw speed, which could be linked to the fact that the mixture had less residence time and therefore a decrease of the degree of gelatinization of starch occurred, causing more expanded extrudates (Lue and Huff 1991; Bisharat et al. 2013 ).
Scanning electron microscopy
The images of rice extrudates from scanning electron microscope are provided in Fig. 3 . The alternations of the porosity in correlation of the process conditions and materials' characteristics can be observed.
The SEM images (Fig. 3a) show that while increasing feed moisture the porosity is decreasing, as expected from the previous results. It is observed that the pores are getting less in number and bigger by the increasing moisture content. It can also be observed in Fig. 3b that the increase of inulin concentration and the decrease of screw speed led to the development of thicker cell walls and as a result more crispy products. The increase of the extrusion temperature has influenced the extrudates to products with increased viscosity and as a consequence a formation of microporous structure with more air cells.
Textural properties
Maximum stress
As it is presented in Fig. 4 the increase of feed moisture and inulin concentration in the mixture caused the increase of the maximum stress. On the other hand, maximum stress decreases by increasing extrusion temperature and screw speed. Maximum stress represents the hardness of the extrudates.
In addition, texture is linked with density, expansion and thickness of cell walls (Agbisit et al. 2007 ). Higher wall thickness or higher density results in an increase in maximum stress. As the increase of moisture content and inulin composition, as well as the decrease of screw speed, led to extrudates with high density, this leads therefore to the increase of maximum stress.
On the other hand, when increasing temperature the maximum stress seemed to decrease. The increase of temperature leads to the increase of porosity as indicated above. A high porosity extrudate has soft texture leading to lowering of the maximum stress, as maximum stress represents the hardness of the extrudates. The reduction of stiffness of extruded snacks with temperature has been reported for rice based extrudates (Ding et al. 2005; Gui et al. 2013) . In order to produce extrudates enriched with inulin with these characteristics, the optimal value of inulin concentration is between 5 and 10 %.
Maximum strain
Maximum strain is also indicative of the breakage point during compression test. According to regression analysis, moisture content and extrusion temperature did not significantly (p>0.05) affect maximum strain, which is also observed in Fig. 5 . However, it increases when the inulin concentration, while the increase of screw speed caused the decrease of the maximum strain. Extruded products containing fibers, such as inulin, in high concentrations are usually compact, tough, not crisp, and with undesirable texture due to the low expansion ratio (Bisharat et al. 2014) . This justifies the increase of the maximum strain in high concentrations of inulin. On the other hand, higher screw speed resulted in products with higher porosity and decreased rupture point and therefore maximum strain (Hayter and Smith 1988) .
Modulus of elasticity
The modulus of elasticity (Fig. 6 ) has similar behavior with the density of the extrudates (Hutchinson et al. 1987) and it is indicative of the stiffness of the products (Corradini and Peleg 2008) . Feed moisture content increased modulus of elasticity of rice extrudates. The presence of water, that behaves like a plasticizer in low temperature, leads to a decrease of the viscosity of the products and also to a decrease of the gelatinization ratio of the starch and the growth of air bubbles, that then leads to more fragile structures leading to low resistant cell walls and more structural fractures and less crunchy extrudates (Ferreira et al. 2011) .
As it is shown in Fig. 6 , the increase of extrusion temperature led to a decrease in the modulus of elasticity in accordance with the results referring to maximum stress. In more detail, the increase of extrusion temperature can be linked with the decrease of the thickness of cell walls (Saeleaw et al. 2012) , which therefore leads to the decrease of modulus of elasticity.
Different results are presented by the increase of inulin concentration. By decreasing the rice flour percentage in the initial mixtures and increasing the concentration of fibers through the addition of inulin the elasticity of the products was reduced (Onwulata et al. 2001) . Extruded products enriched with high level of dietary fibers are usually compact, hard, not crunchy and appear a textural undesirable because of their low expansion. This phenomenon can be attributed to the dietary fibers, that decrease the expansion of the air bubbles by breaking the cell walls before the final expansion (Liu et al. 2000; Ferreira et al. 2011 ).
Number of peaks
As it is shown in Fig. 7 the extrusion temperature decreased the number of peaks during compression of the extruded snacks. The number of peaks is also related with the crispness of the extrudate, as it is linked with the rapid drop of force during mastication process (Bisharat et al. 2014) . As it has been stated above increased temperature produces softer structure that is formed under higher temperatures, due to increased porosity, resulting in lower number of peaks.
On the other hand, screw speed increased the number of peaks during compression. The increased screw speed is responsible for the production of less dense extrudates with less thick cell walls. The crunchiness of such products is expected to be increased. This fact can explain this variation in number of peaks during compression.
In addition, feed moisture content and inulin concentration decreased the number of peaks during compression. It has been shown that increasing the values of these independent variables has led to the formation of more rigid structures with increased apparent density.
Conclusion
Structural and textural properties of rice based extrudates enriched with inulin were investigated as a function of process conditions and material characteristics. Simple mathematical models were developed in order to determine how the extrusion conditions and feed composition influenced apparent density, porosity, expansion ration, maximum stress and strain, modulus of elasticity and number of peaks under compression.
Structural properties of the extrudates play a key role in the design, since they are directly linked with the organoleptic characteristics during chewing, and their preservation time. It is observed that the two main factors that affected the porosity is the moisture content of the product and the concentration of inulin in the extrudate. The best products are those which have the feed moisture of 14-17 % and an inulin concentration of 5-10 %. In addition, expansion ratio increased when increasing screw speed and decreased when increasing moisture content, inulin concentration and extrusion temperature.
Concerning textural properties it was observed that the process parameters and the material characteristics significantly affected the value of the maximum stress, which represents the fragility of products. Medium and especially high concentrations of inulin (10-15 %) in mixtures with rice flour, high feed moisture (20 %), low extrusion temperatures (140-160°C) and the minimum experimental value of the screw speed (150 rpm) have led to increased maximum stress. The modulus of elasticity is indicative of the hardness of the samples. Usually, the higher the modulus of elasticity of an extrudate is, the more compact, hard and less crispy texture product has. By increasing the moisture content of the mixtures the modulus of elasticity has raised. That can also be justified by the increased density of the products. On the other hand the increase of inulin concentration, the extrusion temperature and the screw speed is observed to reduce the modulus of elasticity.
